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Changes In wing vesistance near the ground sy Inpont.nt Jow
[ia] o O

the more accurate determination of the conditlons in the taving
off and landing of an alzplans, ' It has been fourd” ot the i

realatance diminighes on approaching the ground. while %the 117%

snerecsss somewaat, theredy maling the 1iit-drag ravio more e
oravle. In the rresant treatise, a converient notacd will be in-

dicat=d, whidh mekes it ;océiblo to detarn rae “he polar cunve ol
an Jirplanelat shert daistances from the Zround by -n cimnle €
calouiation, vher the polar oiive is known [oF S1ioh% in unlin-
“ited spaéel Tae satisfactory agresment outvaer cxneriment and
calculation is demonstratad by the .recults of two experiiants
~with models. '

Tre »nolar curve for unlimited space I8 convertcd in the [UoEs
ent cage, with “he ald of L. Prandtl's wing theory and the mul*ti-

.plane *heoxv.*** Accordiang to this *heorv, tue alzx flow abou? the

1 N e e i i R - e = =

“* From "Zeitschrifs fur Flurupcnnlk und Notorlvfsscrilfohrt.
1921, Yo. 10,

** Comg 1rc A. Betz, "Lif% ond Drag of 3 Vine negar o Hoziisnto
o 5 5o
; - 5 .

Surface," {the groand3 "ZeitecnTift fUT rlurtectnik und Fetor o -
achifrehrt,” 1912, ».217.

*x* [, Prandtl, "Ving Thecry," 1st ond and paners, n:llesin of B
Gdtvingen Scientific uorie?y, 1919, Mathematics-naysics ¢laid,
ftrther, L. Fr;ndtl, "Th2 Induced Dregow ialel p111. 1 Techalsone
Berishta, Vel., 111, Ve, 7, Figs. 1 ana 3 arve taken I7em “vye Anttoy



»

viae oan B3 23lz-latad on the assunption that the 1ift is 42o-

-y

trivuted over the 7ing eran In the form cf half an cllir whl3h

%
:a

18 zcourats snough for nmost practloesl cases. In thlg cornestlo
we will utilize the thaoretlcal coneideration tna* a vortex band
goes out from the trailing edge of each wing, The axes of the
slenentazy vé:tices of %his band are neorly parallel %o ths dirace
tion of flight and the widtlh of *he Dand 1s equcl to the wing

span. Tre added diosturbing velocity resvlting from thie vortex

~ band at any point g the intepral of the digturbing velocities

proauced by *he indlvidual slementery vertices, wheraby the for-

a2T are calsulated according to the Biot- o”“WIt law, If a ving

h

1a in an 2ir flow which 1is disturbed vy & second wing, only +n
vartical component of *the disturbing veloc vy comeg inte cornsid-
eratlon for the inducsd drag of the first wing, gince *ths infler .
‘dircotion and trerewith the Induced drag'are carnged by the ver
tiéalrcomponents of the dlsturbing velocity at %4us place of tn=e
,éupporting ilne, Ths veritical velocities, in the vertical plans
~passing through the middle of the chord, yere calaoulaied and zrorh

distansces from

I

1cally rep-esented in Pig, 1, for a seriss o
suppo=ting 1line, by X. Pohlhausén, at the sugzestion of L, Prandtl.
on the ascuﬁption that the 1ift is disvriduted in hcolf an clilivce

over tﬁe wing span. The ratio of the disitancs of the point con-

by

siderad to the wing span 1is representad Dv h/b. Tha veriicsl
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o wing tteclf (n/b = 0), which i3 conuztant in ire

elliz tic=1 Zistrlbution of the 1ift over tre entire —idth of she



sran, 13 here nmeds 1, and tho ecpan 2. The aciual versicel velcd-

ty w,,' on the place of wing 1, dve %o wing 1', 1s therefore
3
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iri wvhich A ig the 1ift of ﬁing 1', v the flight veloclty and
o the deneity of tlre air. z can be obtained from ¥ig. 1 fer

the co:respoﬁding h/b,

In order to inveastipate the orange in the reslstance ncar

sae ground, we utilize the principle of reflection, Ve replace
the surface of the ground by wing 1' reflected by;the ground

(Tig. 8) and calculate (by & method analogous to that for calca-
‘1ating the drag of a multiplane from the drag of a monoplane) in
~het marmer the air flow about wing 1 will be affected by its
inage. V2 demote its distance from the ground by n/3. Ving 1-°s3
now on the pressure sicde of wing 1', We alread& recognize qunlil-
jtqtivelﬁ that the disturbing veloclty due to 1' on the rlace of
wihg 1 is directed upvard, vT@e resﬁlfihg direction of flow on
wing 1; which is found by the geomedric addition of the criginal
direction of %the velocity v and the vertical velocify W, due
to wing 1', and vhose direction is indicated by V', is the:eﬁore
as we ses, deflected downward somewhat less than 1a the undi gturb-
ed condition. Tre induced drag near the ground must thereforc be
~gmaller tharn at a highor altitude, since with decreasing distance
vetween wing 1 and its imege 1', the disturbling velocity increac:s

from O to a maximua, as shown in Fig. 1.
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For the juantlitatlive relasicns, 1t im to be noted that +the
vertical disturoing velecsity, as shom br Flz, 1, varies algo-
along tne span of wing 1. We obtain ths change in the induced
drag by multiplyring the 1irt component of each winz clement =

vhe 3lne »i the angle of attack of the air etream at the glver

pcint and integrating over the whols span. The smnll ancle o

v ] .
attack has the value -21. and conseduently the change ir drag
v

+b/n
f‘y

L W] l_L 7 .-
W - U’ _\;" - d. Fi9 .p . * ] . . . v ((i)

- -b/a

ia

in which the minus sign, in accordance with the above considoara-
tion, ind{cates that the wiﬁg realstance is dimirished. The waiuc
‘of the integral vwas determined planiietricall: for Gifferent
valueg of h/b &nd'the result expresced by the inflvence coa2ffi-

cient 4, vwhich is defined b the couvation

A A - A 3

in which q = ﬁ?namio prensﬁre. InTic
plotted 2gainst the ratio h @ 22, 7Thig meth-d we.d cheosen witn
reference to the ratios yet to be considers » “hizh arige in “Yi-
plancs with unequal winz spang (b1 and b?). Ir ghe 2asc no- un-
der consideration, in which the span of the real wing is like trn~%

b +b ,
of the reflected ons, ths ratio h ! —*—2 i idsntical with
25 .
b/ and ire corresponding values of ¢ are given by the CuTV &
u= 1. If we desirc a wore accurate value than +ha goiphic dala-

graum g ives, we moy ernloy the following epproxinm:tion formuls of



p-pndtl, whiok holds good fmom r/b = 1/13 to n/oc =

g ; ' 1 - 0.66 h/b (1)

g = ——en

1.05 + 5.7 h/v’

e chenge in drag mry therefore be calculated cecording to equa-

tien (5) in e vary simple manner, Ve only have fo determine thoe

‘/
spfluence crefficient o ror the valuwe h/b from Fig. 3, or i

=6 aid of ejuation (4). The o%her Guantitieo in eqratiorn (3)
are to be considered as given. Ve hercby assume that the 1ift
near the ground is the eane as higher up.,  With the introduction

of the dimersiomless coelficients, equation (3) may clso be writ-

ten in the fornm

- }- 14
0.,.! = - 0 __,S‘._. >{- s ¥ . ’ » + s . . . . . \ l_)
W s hw

jn which o.' vepresents the change in ths Arog and - the our-
Y b & =
face area of the wing.
- The present cal-culations Lave %o jo with o mororlane near the

ground,  Ii it is deilsred to imvestigate the relaticns for o ti-

o}

‘plane, it is nzcessary to know the 1if% ccaponents ¢f Doth wings.

This i3 gsrecally zuewn yYor 2 finisted biplénc. O¢hexwise, the
11f% comﬁonents may be subsequently jeﬁarmined from tae Juanvi-
tiss upon which ther depend, espscially from the suriace aron o2
thg wings and the arngle of attack., Hare 1t is wall to remorior
thot (according to the resulis of the lirst eprroxiration of ths
=maliirplane fheory»with a given total 1lift, sran ard svorticnl dio-

tamce bsosbwezn the tvo wings) the induced dr-g 2cmuires & wlnian

vilte Tith o definite distribution of Tthe tctal LAY over Loin
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winge of ihe olplane, In pracztlce, ve wat 1lways cndzavoer to
rroduce this scndltion.

The vertical disturoing velocitice resulilrg f“rem the rerlect-

[y

nr

[
[0S

ed wings 1' and 2', are represented diagrammatically

d
The total amount, about vhich the drag Jdiminishes neer the greund

)
£
[}

and which is gi"en b equation (3) for the woncplane, is s

v

un
of four members in the case of the birlane, If w,,' designates
the Arag Ascrease of vinz 1 threcugh the influence of wing 1'. and
if the otaer components of the drag variations are deslgnated in
o similar manner, the total drag decrcase is

W= T, 4+ Ty 4 Wap! 4 Way ... . . (6)

ftcoording tc the multiplane theory, however, V,,' = ¥,,' éend thao

Ty ]

letter, on account of the rirror symmetry = W,,' , so that the

resulting cxpression for the drag decreace ia

~—~~
~1
~—

LT - o
T '_h,\&:' R L o L

Tre influence coeffimient o, which is necesscary for calculating

’

ik}

+ne above summands, s, in tae case of a binlare ik nnequal vwitg

By and by, I we aesimnate

e
—

i

2>

srans, 2 function of both wing span:

al

the Tatio Y b, ov i, the value of O, Jor the valuc of W

2
in question, ¢an e obtained from Fip, 5, in which lrhe values of
g, for v = 0,8 and 0.8, are plotted against the ratic h -

For other values of W, ¢ can be interpolated ~ith ¢ufficiont ac-

curacy. M o= 1 comes insco considerat for coval syws ¢f the

,A.
[
O
o

tprer ond lower vings., For U = b,/b, >1, thue same vaiues arc



to be taken as fcr b,/b,. h alware denotes ths distonse of *io
winz undsr coaslderation Irom “he wing cousing the disturbansa,

Soma time ago twe experimenta were carried cut in the Gotbiv -
gen latoratory on & mcnoplane medel, of 134 om span, with fuscleps
tnd elevator, whersoy the air forces wero reasured onse i unlin-
itéd spaca and orce near the ground. The surfnce of the wing, to
‘wkioh the ccefficlents were applied, was 1675 cm?. Censcauenily,
F/b2 had the value 0.11. The ‘distance »I the wing from the
- ground varied a little for the individual dngles of attack. Tho
mean Qalue‘of h/z‘ was 15 em. The polar curves, determined ex-
_perimentally for both these cases, are given in Fig. 5. The
change '5W' of the drag coefficient was:now deteriiined in accord-
ancé with thz above irstructions.  For the inrluence coéfficient,
ve have 0 = 0,433, since h/b = 0.242,  If we substitute this
value and the values of F,/b® in’equation (5), we obtain

o' = - 0.C15 cg?.

If we carry the values of cw'; calculatgd for different 1lift
coefficients toward the left, from the volar curﬁes, measured in
the free air flow, wé‘obtain thé curve indicatzd by dashes. It
is evident that this curve fully agrees with the measured valuecs
ofvthe 11t coefiicients up to about ¢, = 1. For very lorge 1iit

values, we obtain deviations for which no satisfactory explanation
> S : Y 5

can yet e given,

Translatad by tle National Advisory Committeé for Aeronautics.
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